(calcium channel, voltage-dependent, Ltype, a1C subunit) gene was studied to investigate the relationship between oxidative stress and L-type calcium channels in the myocardium of seleniumdeficient mice. METHODS: Selenium levels in liver and heart tissue samples from mice fed normal or selenium-deficient diets were evaluated by fluorometry. In the same mice, glutathione peroxidase (GPx) and Cacna1c gene expression were analysed, malondialdehyde (MDA) content and superoxide dismutase (SOD) activity were measured, oxidoreductase gene expression profiles were analysed (by DNA microarray), and myocardial structural changes were studied. RESULTS: In selenium-deficient versus control mice, GPx expression and SOD activity were decreased, and Cacna1c expression and MDA concentration were increased. Selenoprotein oxidoreductase and nonselenoprotein oxidoreductase gene expression differed significantly between selenium-deficient and control mice. In selenium-deficient mice, myocardial fibres were separated by loose collagenous tissue; electron microscopy showed shortened sarcomeres, dilated sarcoplasmic reticulum, scattered myofibril lysis and increased mitochondria with amorphous matrix densities. CONCLUSION: L-type calcium channels were involved in selenium deficiency-induced cardiomyocyte injury, which was positively related to oxidative stress.
Introduction
Selenium is an essential trace element; low selenium levels in humans are linked to an increased risk of heart disease. 1 Selenium research has attracted tremendous interest because of the important role of antioxidant selenoproteins in providing protection against oxidative stress initiated by excess reactive oxygen species (ROS). 2 Daily requirements for selenium have been established in many countries because of the high potential for selenium-deficient disease.
The L-type calcium channels play an important role in the normal physiological J Cui, R Zhong, E Chu et al. Oxidative stress, calcium channels and selenium deficiency characteristics of cardiac myocytes, and alterations in the density or function of Ltype calcium channels have been implicated in many cardiovascular diseases (including atrial fibrillation, heart failure and ischaemic heart disease). 3, 4 Accordingly, there may be a relationship between cardiovascular disease and pathophysiological changes in calcium homeostasis modulated by oxidative stress. Research has shown that deregulation of calcium through L-type calcium channels plays a crucial role in the pathogenesis of cell death, which results in calcium overload and eventually leads to cardiomyocyte injury. 5 Nevertheless, considerable uncertainty remains about whether L-type calcium channels are involved in cardiomyocyte damage induced by oxidative stress, and the degree to which the abundance and function of the L-type calcium channels are affected by oxidative stress. The present study assessed the relationship between oxidative stress and Ltype calcium channel levels in the myocardium, using a selenium-deficient mouse model.
Materials and methods

EXPERIMENTAL ANIMAL MODEL OF SELENIUM DEFICIENCY
The animal model of selenium deficiency was established according to the method of Vanderlelie et al. 6 , with slight modifications. The basal diet of the mice was low in selenium, containing 47% low-selenium yeast, 42% sucrose, 5% coconut oil, 5% premixed minerals and 1% premixed vitamins. Adult male and female C57BL/6 mice weighing 20 -25 g (10 weeks old) were housed in a pathogen-free environment at room temperature (22 -25°C) and maintained on the basal diet and tap water ad libitum before the selenium-deficient state was achieved. Animals were divided into six groups (n = 6 per group). Mice in seleniumdeficient groups were then fed a special mouse food that contained 4.5 µg/kg total selenium for 4, 12 or 24 weeks (groups SD-4w, SD-12w and SD-24w, respectively); control mice were fed standard mouse food containing 219 µg/kg total selenium for 4, 12 or 24 weeks (groups Ctr-4w, Ctr-12w and Ctr-24w, respectively). At 4, 12 or 24 weeks, mice were sacrificed by severing the spinal cord. The heart, liver, brain and kidneys were perfused with ice-cold physiological saline (0.9% NaCl) until the blood was sufficiently removed; These organs were retained (and stored in ice-cold conditions) for use in the following experiments.
Animal protocols were reviewed and approved by the Animal Care and Ethics Committee of the Harbin Medical University, Harbin, China.
MEASUREMENT OF SELENIUM CONTENT
The selenium content of the heart and liver (300 mg tissue per sample) was measured by hydride generation atomic fluorescence spectrometry at 4, 12 and 24 weeks in the selenium-fed and control groups. Hydride was generated with a model 10.004 hydride generator (PS Analytical, Orpington, UK) according to the manufacturer's instructions. Signals from the spectrometer were acquired with a microcomputer using commercial software (Avalon 2.0; PS Analytical). All solutions were prepared with doubly deionized water with 18.2 MΩ cm resistance. Selenium stock solutions (1000 mg/l) were prepared from selenite (Na 2 SeO 3 99%), selenate (Na 2 SeO 4 99%), seleno-DL-cystine (SeCys), seleno-DL-methionine (SeMet) (all from Sigma-Aldrich, St Louis, MO, USA) and trimethylselenonium iodide (TMeSeI; Organometallics, Hampstead, NH, USA).
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SeCys and SeMet were weighed under nitrogen to prevent sample degradation and dissolved in 0.5% (v/v) hydrochloric acid.
MEASUREMENT OF SOD ACTIVITY AND MDA CONTENT
Heart, liver, brain and kidney tissue (100 mg tissue per sample) were each homogenized with a 5-fold v/w of cell lysate in ice. The homogenates were centrifuged at 850 g for 15 min and their supernatants were stored at −80°C until assayed for superoxide dismutase (SOD) activity. Determination of total (Cu/Zn and Mn) SOD activity was based on the inhibition of the rate of nitroblue tetrazolium (NBT) reduction, with the xanthine-xanthine oxidase system as a superoxide generator, using reagents from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the manufacturer's instructions. SOD activity was assessed spectrophotometrically at 550 nm. For the determination of MDA content, homogenates were bathed in distilled water for 15 min at 100°C, then cooled to room temperature and centrifuged for 10 min at 1000 g. Then, 200 µl of supernatant was used to measure MDA levels using a commercially available kit (Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's recommended protocol. Absorbance of the supernatant was measured at 532 nm.
HISTOPATHOLOGY AND ULTRASTRUCTURAL ANALYSIS OF HEARTS
A portion of the heart, liver, brain and kidney (50 mg tissue samples of each) from each animal was frozen rapidly in liquid nitrogen (temperature -190°C) for later enzyme and RNA analysis. One-half of the heart, cut longitudinally, was placed in formalin, embedded in paraffin wax, sectioned (6 µm) and stained with haematoxylin and eosin. Selected samples were fixed with 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4). Specimens were then rinsed in 0.1 M PBS, postfixed in PBS-buffered 1% osmium tetroxide for 1 -2 h, stained en bloc in uranyl acetate, dehydrated in ethanol and embedded in epoxy resin using standard procedures. Ultrathin sections were electronstained and observed under an electron microscope (JEM-1220; Jeol, Tokyo, Japan).
CDNA MICROARRAY ANALYSIS OF SELENOPROTEIN OXIDOREDUCTASE GENES
Heart tissue (300 mg per sample) from mice in selenium-fed and control groups sacrificed at 4, 12 and 24 weeks was used to carry out the cDNA microarray analysis at Shanghai Biochip Co. Ltd (Shanghai, China) according to the company's standard protocols. Expression of the selenoprotein oxidoreductase genes Selh (also known as 2700094K13Rik; selenoprotein H), Gpx1 (glutathione peroxidase 1) and Selw (selenoprotein W), and of the nonselenoprotein oxidoreductase genes Scd1 (stearoyl-Coenzyme A desaturase 1), Cdo1 (cysteine dioxidase 1), Ndufs6 (NADH dehydrogenase) and Cyp2e1 (cytochrome P450, family 2, subfamily e, polypeptide 1) was evaluated using a gene chip (Shanghai Biochip Co. Ltd) according to the manufacturer's instructions.
QUANTITATIVE RT-PCR ANALYSIS OF CACNA1C GENE
Expression of the Cacna1c (calcium channel, voltage-dependent, L-type, α1C subunit) gene and the Gpx1 gene in mice from seleniumdeficient and control groups was assessed using a quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) to J Cui, R Zhong, E Chu et al. Oxidative stress, calcium channels and selenium deficiency measure the abundance of mRNA relative to a housekeeping gene (glyceraldehyde 3phosphate dehydrogenase [Gapdh]).
Total RNA from mouse ventricular myocardium (50 -100 mg tissue per sample, n = 6 per diet group) was isolated using the guanidinium isothiocyanate method, with TRIzol ® Reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer's instructions. RNA (1 µg) was reversetranscribed to cDNA using the high-capacity cDNA Reverse Transcription kit (Insert P/N4375222 REV B; Applied Biosystems, Foster City, CA, USA), following the manufacturer's instructions.
Gene-specific primers were designed to span an intron and the following oligonucleotide primers, designed using Primer 6.0 (PREMIER Biosoft International, Palo Alto, CA, USA) were used: Cacna1c, forward GTCCAGAAGCTTCCAGA, reverse GATGTTCACTGAGACCAAGA;
Gpx1, forward CAGTTCGGACATCAGGAGAAT, reverse AGAGCGGGTGAGCCTTCT; Gapdh forward CGACCCCTTCATTGACCTCA, reverse TTGACTGTGCCGTTGAACTTG. The 20-µl real-time PCR reactions contained 10 ng cDNA, 0.2 mM gene-specific forward and reverse primers, and 1 × SYBR ® Green PCR Master Mix (Insert P/N4309158 REV B; Applied Biosystems). The PCR was performed using an ABI 9700 system (Applied Biosystems) with an initial stage of 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and elongation at 60°C for 30 s. A dissociation curve was run for each plate to confirm the production of a single product. The amplification efficiency for each gene was determined using the DART (Data Analysis for Real-Time PCR, ABI 7500, Version 1.4.1; Applied Biosystems) program. 7 The relative abundance of each mRNA was calculated as described by Pfaffl, 8 accounting for gene-specific efficiencies, normalized to Gapdh levels, and expressed relative to the mean of the normal group.
WESTERN BLOT ANALYSIS OF L-TYPE CALCIUM CHANNEL a1C
Protein levels of the L-type calcium channel α1C subunits in selenium-deficient and control groups were assessed using Western blot analysis. To isolate whole heart membrane protein fractions, ventricular myocardium (100 mg tissue per sample) was homogenized in radioimmunoprecipitation lysis buffer with a protease inhibitor, and the homogenized tissue was centrifuged at 4°C (5 min, 1000 g). The protein concentration was assayed with a bicinchoninic acid assay (BCA Kit; Beyotime Institute of Biotechnology, Jiangsu, China). Proteins were denatured in sodium dodecyl phosphate loading buffer: 80 mg protein was loaded on an 8% polyacrylamide running gel and a 5% stacking gel, which were then transferred to a polyvinylidine difluoride membrane (Millipore, Bedford, MA, USA). Membranes were blocked in 5% dry milk for 2 h at room temperature. For immunodetection, membranes were incubated with a primary antibody (L-type Ca 2+ CP 1C [A-20] antibody, sc-16230, 1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-Gapdh antibody (ab9485, 1:500 dilution; Abcam plc, Cambridge, UK) overnight at 4 °C, and with a secondary antibody (donkey antigoat immunoglobulin G-horseradish peroxidase, sc-2020, 1:10 000; Santa Cruz Biotechnology) for 2 h at room temperature. Membranes were washed three times at each stage for 10 min using 1x Trisbuffered saline (pH 7.6). Immunoreactive bands were visualized on X-ray film using a chemiluminescence method (Kodak [China] Ltd, Shanghai, China). Band densities in the selenium-deficient and control groups were quantified, relative to GAPDH levels, by J Cui, R Zhong, E Chu et al. Oxidative stress, calcium channels and selenium deficiency densitometry using the Gel Doc™ XR Gel Documentation System and Quantity One ® software (Bio-Rad, Hercules, CA, USA).
STATISTICAL ANALYSES
Statistical analyses were performed using the GraphPad Prism ® 5.0 (GraphPad Software, La Jolla, CA, USA). Data were presented as mean ± SD. Statistical significance was determined using Student's t-test. To compare treatments, the statistical significance was calculated by one-way analysis of variance followed by Tukey's multiple comparison test. The expression difference score (DiffScore) was calculated to take into account background noise and sample variability. 9 A P-value < 0.05 was considered to be statistically significant.
Results
Selenium concentrations in the liver for the selenium-deficient groups were 50, 56 and 81% lower (Fig. 1A) , and in ventricular myocardium were 37, 40 and 48% lower ( Fig.   FIGURE 1 : Selenium status, Glutathione peroxidase (GPx) 1 mRNA level and oxidative stress in mice fed selenium-deficient diets (4.5 µg total selenium per kg mouse food) for 4 (SD-4w), 12 (SD-12w) or 24 weeks (SD-24w) and control mice fed normal diets (219 µg total selenium per kg mouse food) for 4 (Ctrl-4w), 12 (Ctrl-12w) or 24 weeks Oxidative stress, calcium channels and selenium deficiency 1B), than their corresponding controls (P < 0.01, each comparison). Levels of Gpx1 mRNA in the selenium-deficient groups werẽ 30 (P < 0.05), ~60 (P < 0.01) and ~70% (P < 0.01) lower than in their corresponding controls (Fig. 1C ). MDA concentrations in heart, liver, brain and kidney were significantly higher (Fig. 1D) , and SOD activity significantly lower (Fig. 1E) , in the selenium-deficient groups compared with their corresponding controls (P < 0.05 or P < 0.01 for all comparisons).
DiffScore data indicated differences between selenium-deficient and control groups in the expression of selenoprotein oxidoreductase (Selh, Gpx1 and Selw) and nonselenoprotein oxidoreductase (Scd1, Cdo1, Ndufs6, Cyp2e1) genes ( Table 1) .
Compared with their normal-diet counterparts, myocardial fibres were separated by loose collagenous tissue in the selenium-deficient groups, as shown by haematoxylin and eosin staining (Fig. 2) . Transmission electron microscopy showed shortened sarcomeres, a dilated sarcoplasmic reticulum, scattered myofibril lysis and increased numbers of mitochondria with amorphous matrix densities in selenium-deficient groups (Fig. 3) . Compared with control groups, selenium-deficient groups showed significantly greater levels of Cacna1c mRNA (P < 0.05) and protein (P < 0.01) ( Fig. 4 ).
Discussion
The present study demonstrated that selenium deficiency increased ROS levels in the mouse myocardium: an effect that was positively related to upregulation of genes and proteins involved in the L-type calcium channels. Moreover, myocardial damage was apparent in selenium-deficient groups, as revealed by histopathological and ultrastructural studies. These results suggested that ROS and the L-type calcium channels are involved in cardiomyocyte injury induced by selenium deficiency.
The known functions of selenium as an essential element in animals have been attributed to a number of mammalian selenoproteins. 10, 11 Keshan disease (a dilated cardiomyopathy endemic in China, characterized by heart failure and severe cardiomyopathy, usually with arrhythmia, congestive heart failure and varying degrees of pathological change) was found to be closely related to a selenium-deficient diet. 12, 13 Voltage-gated calcium channels are thought to control a large number of calcium-dependent responses in electrically excitable cells. 14 J Cui, R Zhong, E Chu et al. Oxidative stress, calcium channels and selenium deficiency type calcium channels and increases in cellular ROS are involved in a variety of cardiovascular diseases. 15, 16 A selenium-deficient diet can induce oxidative injury, which may lead to myocardial injury and subsequent cardiac dysfunction, 17 and evidence shows that selenium deficiency can increase calcium overload. 18, 19 Furthermore, myocardial calcium overload may cause myocardial 20, 21 Oxidative stress leads to lipid peroxidation, and sulphydryl group oxidation seems to be among the mechanisms that may produce membrane defects, causing intracellular calcium overload and cardiac contractile dysfunction in the myocardium. 22 A change in the properties of the L-type calcium channel may be related directly to the structure of the channel or to the number of channels, both of which are regulated by Cacna1c, although this remains to be determined. There are no reports of a correlation between selenium deficiency and L-type calcium channels in the hearts of people with Keshan disease or seleniumdeficient experimental animals. Thus, we surmised that calcium overload may lead to FIGURE 4: Cacna1c (calcium channel, voltage-dependent, L-type, α1C subunit) mRNA and protein levels in mice fed selenium-deficient diets (4.5 µg total selenium per kg mouse food) for 4 (SD-4w), 12 (SD-12w) or 24 weeks (SD-24w) and control mice fed normal diets (219 µg total selenium per kg mouse food) for 4 (Ctrl-4w), 12 (Ctrl-12w) or 24 weeks (Ctrl-24w). (A) Cacna1c mRNA shown as a ratio relative to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (Gapdh). (B) Western blot analysis of Cacna1c protein (left) and quantitative analysis of Cacna1c protein ratio relative to Gapdh band optical intensities determined by densitometry. Data presented as mean ± SD; *P < 0.05, **P < 0.01, Student's t-test and one-way analysis of variance followed by Tukey's multiple comparison test Mice in selenium-deficient groups in the present study had significantly lower concentrations of selenium in the liver and heart compared with control groups (receiving the normal mouse diet). It is hoped that this model of selenium deficiency, established in C57BL/6 mice, will help researchers to obtain detailed information about heart disease in people with selenium deficiency: gene sequences of the C57BL/6 mouse are believed to be relatively close to the corresponding human gene sequences.
Myocardial damage indicative of severe and general heart damage was observed in histopathological and ultrastructural studies in selenium-deficient mice, in the present study. SOD activity and MDA concentrations were measured as indicators of oxidative stress. Severe oxidative stress was found in several organs in the selenium-deficient groups, indicating that this constituted a good animal model of oxidative stress: one that could be useful in investigating the relationship between selenium deficiency and the L-type calcium channels. Subjecting mice to a long period (24 weeks) of lowselenium supply intensified oxidative stress, and this effect was accompanied by upregulation of the Cacna1c gene. We plan to investigate whether there is link between myocardial injury in selenium-deficient mice and heart disease in patients with Keshan disease.
One possible explanation for the mechanism by which selenium deficiency induces cardiac dysfunction is that selenium is a component of seleniumdependent Gpx, which catalyses the reduction of hydrogen and lipid peroxides. 23, 24 It is possible that selenium deficiency might lead to low selenoprotein and oxidoreductase activity, as a result of the downregulation of selenoprotein and oxidoreductase genes (see Table 1 ), and may lead to the accumulation of lipid peroxides. In the hearts of experimental animals, selenium deficiency is known to increase the accumulation of lipid peroxidation products 25 and oxygen exposure. 26 Secondly, selenium deficiency enhances lipid peroxidation, which may be involved in cell membrane damage. Lipid peroxidation could lead to cardiac dysfunction and an increase in intracellular free-calcium concentration (calcium overload) by impairment of the calcium transport system. Calcium overload induces irreversible cardiac injury. 27 Thus, the balance of ROS and the cell redox state appear to be important in the mechanism of heart failure. ROS appears to be elevated in heart failure and this increase is accompanied by significant impairments in the number and function of calcium-related proteins. 28 During a state of high oxidative stress induced by a low-selenium diet, the antioxidant defence function may decline. An excess of oxygen free radicals can damage the membrane of myocardial cells. 29 A low-selenium status in mice was a significant contributory factor to the development of oxidative stress caused by compromised seleniumdependent Gpx expression. A depressed circulating level of selenium affects antioxidant defence systems in humans and also results in high oxidative stress. 2 In conclusion, the change in the expression pattern of the Cacna1c gene observed in the present study might be caused mainly by the accumulation of ROS under oxidative stress in a selenium-deficient mouse model. 
